Bimodality in gene expression is thought to provide a high phenotypic heterogeneity that can be favourable for adaptation or unfavourable notably in industrial processes that require stable and homogeneous properties. Whether this property is produced or suppressed in different conditions has been understudied. Here we identified tens of Saccharomyces cerevisiae genomic fragments conferring bimodal yEGFP expression on centromeric plasmid and studied some of these promoters in different DNA contexts, inducing conditions or strain backgrounds. First, we observed that the bimodal behaviour identified on plasmid is generally suppressed at the genomic level. Second, an inducible promoter such as the copper-regulated CUP1 promoter can produce bimodal expression in a time-and dose-dependent fashion. For a given copper sulphate concentration, a constant proportion of the subpopulation is induced and only the induction level of this subpopulation changed with induction duration, while for a same induction time, higher copper sulphate concentrations induced more cells at higher levels. Third, we showed that bimodality conferred by the CUP1 promoter in expression profile is strain background dependent, revealing epistasis in the generation of bimodality. The influence of these parameters on bimodality has to be taken into account when considering transgene expression for industrial microbial productions.
INTRODUCTION
Bimodal gene expression profiles have gained interest in the last decade thanks to the development of tools allowing single-cell analysis and to the recognition of the phenotypic importance of cell-to-cell variability (noise) in gene expression at both scientific and applied point of view. Gene expression noise is generally viewed as a bet-hedging strategy allowing phenotypic diversification that benefit to the population under various selective conditions. Even if few studies have investigated fitness effects of noise (Viney and Reece 2013; Liu, Francois and Capp 2016) , examples in the yeast Saccharomyces cerevisiae for instance show that noise in stress resistance genes confers a benefit in constant stressful conditions. Indeed, it generates in the absence of stress a phenotypic diversity that makes more probable the presence of pre-adapted cells and the survival in selective environment (Blake et al. 2006; Smith, Sumner and Avery 2007; Liu et al. 2015) .
Bimodality is an extreme case of heterogeneous gene expression profile that is widespread in both prokaryotic and eukaryotic cells. For instance, extensive, bimodal variation in messenger RNA abundance has been observed in immune cells (Shalek et al. 2013) , especially for key immune genes. Bimodal expression patterns have also been reported in bacterial cells for several pathogenicity factors under virulence-inducing conditions (Leh et al. 2017) . It is however in the yeast S. cerevisiae that bimodality in gene expression has been studied in more detail notably in the context of nutritional and stress response: the galactose regulatory network (Acar, Becskei and van Oudenaarden 2005; Venturelli, El-Samad and Murray 2012) or the highosmolarity glycerol (HOG) pathway (Pelet et al. 2011 ) are examples where downstream targets harbour bimodal expression in specific ranges of stimulus concentrations. Apart from osmoresponsive genes, bimodal gene expression may be a general feature of yeast stress-induced genes, as it is observed in other stresses, such as oxidative or heat stresses (Pelet et al. 2011) .
One of the determinants of this bimodal expression behaviour seems to be chromatin remodelling in yeast (Pelet et al. 2011) because histone eviction at osmoresponsive genes was partial at low stress levels, suggesting that only a fraction of the population could remodel chromatin to allow for efficient transcription. Thus, it seems that the partial histone eviction that is observed at the population level is responsible for the bimodal expression that is observed in single cells. Recently, similar conclusions were obtained in Escherichia coli where nucleoid-binding proteins were implicated in the bimodal regulation of gene expression and thus contributed to the epigenetic regulation of bacterial virulence by leading to opposing bacterial fates (Leh et al. 2017) . The fact that genes positioned in subtelomeres frequently display bimodal and stochastic gene expression in response to environmental stimuli (Halme et al. 2004; Domergue et al. 2005; Choi, Hwang and Kim 2008 ) also argues for a role of epigenetics because these genomic regions undergo frequent chromatin remodelling. For instance, cell adhesion proteins are localised to subtelomeric domains and are expressed in a variegated way that may enhance the survival or virulence of fungal cells (Halme et al. 2004; Domergue et al. 2005) .
Other phenomena implying transcription factors (TF) dynamics, binding and regulation have also a major impact on bimodality. By examining whether the spatial distribution of activator and repressor binding sites influences gene expression to become monostable or bistable in yeast, it was shown that graded or binary responses can arise depending on the spatial distribution of the binding sites of the repressors along the DNA (Kelemen et al. 2010) . Apart from these cis-effects, TF dynamics is also important as bimodality in osmoresponsive genes is determined by the retention time and concentration of Hog1 in the nucleus (Pelet et al. 2011) . Finally, the influence of gene regulatory networks topologies (To and Maheshri 2010; Venturelli, El-Samad and Murray 2012) and cell signalling (Biggar and Crabtree 2001; Paliwal et al. 2007; Birtwistle et al. 2012) has revealed the multiple mechanisms governing bimodal gene regulation processes.
After having identified multiple genomic fragments providing bimodality on plasmid and given the multiple influences on bimodality, especially chromatin remodelling, we asked in the present work whether bimodality in gene expression can be influenced by DNA context, the inducing condition and the strain background. All these parameters influence bimodality and reveal the importance to analyse the expression profile of any transgene placed outside its original locus and genetic background because the appearance/disappearance of bimodality could bias subsequent analyses due to the high phenotypic heterogeneity that it confers. (Liu et al. 2015) . Commercial wine strain EC1118 haploid derivative 59A MATα amn1-loxP (provided by V. Galeote, INRA Sciences Pour l'OEnologie, Montpellier) and the S288c auxotrophic derivative BY4720 (MATα lys2 0 trp1 63 ura3 0) were used to verify the expression profile at the genomic level.
MATERIALS AND METHODS

Yeast strains and growth conditions
Identification of bimodal expression clones
The construction of the 59A GFP-tagged genomic library and its enrichment in fragments conferring high expression noise were described previously (Liu et al. 2015) . Briefly, the 59A genomic DNA was digested and inserted to centromeric promoterless yEGFP-coding vectors pUG35. The resulting plasmids were then transformed to the strain CEN.PK. The transformants library was then subjected to seven cycles of fluctuating cell sorting (sorting of the cells with the highest fluorescence, then the lowest, then the highest and so on) by the flow cytometer FACS Calibur (Becton Dickinson) to enrich for cells with high expression noise.
Single clones were isolated, randomly selected, grown in 96-well plates in YNB ura-medium and analysed with the FACS Calibur. Clones with bimodal expression were conserved for further analysis. Two individual subclones were then re-isolated from each selected clone to analyse if the bimodal expression profile conferred by the genomic fragment was a stable property of the plasmid. Finally, 31 plasmids providing bimodal expression were extracted and sequenced.
Genomic integration of the yEGFP-fused promoter variants
The genomic integration of selected promoters was performed as described previously (Liu et al. 2015) . Briefly, the whole promoter (1000 bp upstream of the start codon) of BMH1, BMH2, GNP1, YCK2, CAN1, HAC1, AGP2 and CUP1 was amplified by PCR and fused to the yEGFP gene in a modified yeast chromosomal integration vector pJRL2 containing the kan R resistance gene (Addgene). The resulting plasmids were linearised and inserted at the LEU2 locus in 59A and BY4720. The expression profiles of the transformants were analysed by the Attune Acoustic Flow Cytometer (Life Technologies).
To investigate any dependency on the locus, the cassettes containing the CAN1 or the CUP1 promoter fused to yEGFP and the kan R resistance gene were amplified from the corresponding pJRL2 vectors with the primers listed in Table S2 (Supporting Information) for integration either in the MET17 or in the HIS3 locus. The PCR products were transformed in BY4720 and the expression profiles of the transformants were analysed by the Attune Acoustic Flow Cytometer (Life Technologies).
Exchange of the CAN1 promoter regions between the pUG35 and pJRL2 plasmids
The pUG35 plasmid containing the genomic fragment of the CAN1 promoter (pCAN1) was cut by SacI-HF (New England BioLabs) and EagI-HF (New England BioLabs). The pJRL2 plasmid containing the whole CAN1 promoter was cut by SalI-HF (New England BioLabs) and SacI-HF (New England BioLabs). The resulting fragments were blunted by the T4 DNA polymerase (New England BioLabs). Then the genomic fragment of pCAN1 fused to yEGFP was ligated to the remaining pJRL2, while the whole pCAN1 with yEGFP was ligated to the remaining pUG35 using T4 ligase (New England BioLabs). The new plasmids were transformed to BY4720. The expression profiles of the transformants were analysed by the Attune Acoustic Flow Cytometer.
Treatment with histone deacetylase inhibitors
The strain where the pJRL2 plasmid containing the whole CAN1 promoter fused to yEGFP was integrated in the LEU2 locus was cultured overnight, diluted 20 times in fresh medium containing 0 or 5 μM Trichostatin A (Sigma); 0 or 10 μM Sirtinol (Sigma); 0 or 2 mM SAHA (Sigma) without or with zymolyase (100 U/mL) to allow SAHA to enter the cell (Weerasinghe, Wambua and Pflum 2010) and grown for 5-6 h (about three generations) prior to analysis by the Attune Acoustic Flow Cytometer.
Induction of the CUP1 promoter by copper sulphate
An overnight culture was diluted to OD = 0.3 and cells were grown in YPD until exponential phase (4 h) before adding CuSO 4 (Prolabo). Time-dependent induction was performed in 20 μM CuSO 4 during up to 2 h and concentration-dependent induction was performed after 1 h in concentrations up to 50 μM CUSO 4 . Strains were then analysed by the Attune Acoustic Flow Cytometer.
Flow cytometry analysis
Flow cytometry analyses were performed on 50 000 cells at exponential phase except for copper induction. The fluorescence levels were measured with the 480 nm laser and 530/30 filter for both flow cytometers. The low flow rate was applied with the FACS Calibur, while the flow rate at 100 μL/min was applied with the Attune Acoustic Flow Cytometer. The FCS files produced by the Cellquest software (Becton Dickinson) associated with the FACS Calibur or the Attune software (Life Technologies) associated with the Attune Acoustic Flow Cytometer were analysed with R (version 3.4.1) using the FlowCore (version 1.42.3), FlowViz (version 1.40.0) and ggcyto (version 1.4.1) packages from the Bioconductor project (version 3.5).
RESULTS
Bimodality is a stable property conferred by many genomic fragments on plasmid
In a previous work (Liu et al. 2015) , we fragmented the genomic DNA of the haploid S. cerevisiae strain 59A (derivative of the winemaking diploid EC1118 strain; Novo et al. 2009 ) to insert fragments before the start codon of yEGFP in centromeric promoterless yEGFP-coding plasmids to screen for promoters conferring high promoter-mediated noise. The resulting library was transformed in the laboratory strain CEN.PK and submitting to the fluctuating selection method described by Freed et al. (2008) enabling enrichment of fragments producing highly variable yEGFP expression. As expected, the selected population exhibited higher coefficient of variation (CV) (standard deviation divided by the mean) that characterised higher cell-to-cell variability. Expression profiles among single clones isolated from this library were highly heterogeneous, with around 30% exhibiting bimodal expression (Liu et al. 2015) . Plasmids from 31 'bimodal' clones were sequenced and 19 different fragments were mapped to the S. cerevisiae reference genome S288c. All of them correspond to promoter regions (Table 1, Table S1 , Supporting Information). Seventeen protein-coding genes and two non-coding RNA genes have been identified. They ranged from promoters of stress-related genes (e.g. CUP1, HAC1, BMH1, BMH2) and genes coding for permeases (e.g. CAN1, GNP1, AGP2, VRG4), which were somehow expected regarding the literature on bimodality (Pelet et al. 2011) and noise (Zhang, Qian and Zhang 2009) , respectively, to promoters of protein components of the small (40S) ribosomal subunit (RPS29B, RPS4B, RPS0B) and small nuclear RNA (SNR30, SNR50), revealing that this property is common among genomic DNA, whatever the gene expressed.
To investigate whether bimodality is a stable property of a clone, we first selected the most homogeneous cells in terms of size or complexity (around 10%) to avoid morphology or cell-cycle effect that might enhance expression heterogeneity (Fig. S1, Supporting Information) . This did not change the expression profile as exemplified with the genomic fragments of the CAN1, CUP1 and BMH1 promoters showing that bimodality is rather an intrinsic property of the promoters (Fig. 1A-C) . Second, we spread cells on plates and analysed two single subclones from each selected clone. Both of them exhibit bimodal expression as the original ones (Fig. 1A-C) . Third, we extracted the plasmid from 12 of these clones and re-transformed them to a different laboratory strain (BY4720). The de novo transformants all exhibited bimodal expression (Fig. 1A-C) . Thus, we inferred that this expression profile is a stable property conferred by the sequence upstream of the yEGFP in the plasmids (biological replicates in Fig. S2 , Supporting Information).
Bimodality is generally suppressed at the genomic level
We selected eight genes whose promoter fragments conferred bimodality on plasmid for further analyses at genomic level: AGP2, BMH1, BMH2, CAN1, CUP1, GNP1, HAC1 and YCK2. A 1000-bp sequence of these promoters (before the start codon) was placed upstream of the yEGFP gene in the integrative plasmid pJRL2. After linearisation of the plasmids, these constructions were inserted into the LEU2 locus in two different backgrounds (59A and BY4720). After genomic integration, all these promoters exhibited unimodal expression profile in both backgrounds as exemplified again with the CAN1, CUP1 and BMH1 promoters ( Fig. 2A) . To check for any dependency on the locus, the CAN1 and CUP1 promoters were also inserted in the MET17 (Fig. 2B) and HIS3 (Fig. 2C ) loci. They always conferred unimodal expression at the genomic level, showing that this phenomenon is independent of the locus (biological replicates in Fig. S3 , Supporting Information).
Nevertheless, the sequences used for this genomic integration were not strictly the same as the genomic fragments inserted in the plasmids (which sometimes contained a truncated Small nuclear RNA SNR50/snR50
Small nuclear RNA promoter or a short coding sequence). Thus, to strictly compare the same DNA sequence, we introduced the 1000-bp CAN1 promoter fused to yEGFP in the centromeric plasmid pUG35 used for the initial experiments, and inversely inserted the original fragment containing the CAN1 promoter in the integrative plasmid pJRL2 (see the methods section) and transformed them into both backgrounds. We found that only expression from centromeric plasmids produces bimodal distribution with either the 1000-bp promoter region or the original fragment (Fig. 3A) .
To decipher the molecular basis of this phenomenon and look for a possible chromatin effect, we treated the strains harbouring the integrated full CAN1 promoter fused to yEGFP three compounds that selectively inhibits certain histone deacetylases (HDAC): SAHA (Vorinostat), a class I and II HDAC inhibitor; trichostatin A (TSA), a class II HDAC inhibitor, and Sirtinol, a class III HDAC inhibitor. Treatment with 5 μM TSA, 10 μM Sirtinol or 2mM SAHA + zymolyase (to allow SAHA to enter the cell (Weerasinghe, Wambua and Pflum 2010) did not modify the unimodal profile (Fig. 3B ) conferred by the CAN1 promoter at the genomic level, showing that inhibition of HDAC is not sufficient to switch from unimodality to bimodality (biological replicates in Fig. S4 , Supporting Information).
Bimodality conferred by the induced CUP1 promoter
We then asked whether the inducible stress-responsive promoters could harbour bimodal expression in a given range of stimuli as previously observed. Thus, we induced the CUP1 promoter fused to yEGFP and integrated at the genomic level by 20 μM copper sulphate in two different yeast backgrounds (strains 59A and BY4720) (Fig. 4A , replicates in Fig. S5 , Supporting Information). Expression of yEGFP showed bimodal distribution only in BY4720. This indicates that this expression pattern is partly controlled by trans-acting factors and that there is epistasis in the generation of bimodality. We then studied the induction dynamics of the CUP1 promoter in the BY4720 strain (Fig. 4B , replicates in Fig. S5,  Supporting Information) . From unimodality at the basal level, the distribution transiently became bimodal after 30 and 60 min before turning back into unimodal pattern after 120 min. Interestingly, the lower peak in bimodal patterns was at the same level as the basal expression and the second peak increased when time increased. Nevertheless, the proportion of cells in both peaks was quite similar, so that the mean expression level increased. Finally, the peaks fused to give unimodal distribution after 120 min.
Moreover, we also tried different copper sulphate concentrations to induce the CUP1 promoter in the BY4720 strain (Fig. 4C , replicates in Fig. S5, Supporting Information) . Again bimodality appears after 1-h induction with the first peak at the same level as basal expression and the second peak that moved to higher expression levels as copper sulphate concentration increased, but in that case the proportion of cells also changed: the more inducer, the more cells in the second peak and the fewer cells that remained at basal expression level. Thus, our results reveal that the increase of CUP1 expression at the whole population level when increasing copper concentration hides a proportion change between two distinct subpopulations, the first remaining non-induced and the second strongly expressing CUP1. Figure 3 . The same promoter confers bimodal expression on plasmid and unimodal expression in the genome. Expression profiles conferred by the genomic fragment of the CAN1 promoter (pCAN1) isolated from the library fused to yEGFP (A) and conferred by the 1000-bp CAN1 promoter (pCAN1) amplified by PCR fused to yEGFP (B). Two cases are shown: expression from the centromeric plasmid pUG35 (blue) and expression after genomic integration at the LEU2 locus (green). (C) Expression profiles conferred by the 1000-bp CAN1 promoter (pCAN1) amplified by PCR fused to yEGFP after genomic integration at the LEU2 locus and treatment with 5 μM Trichostatin A (TSA) (pink), 10 μM Sirtinol (grey) or 2 mM SAHA + zymolyase (100 U/mL) (green).
DISCUSSION
Following our previous works aiming at identifying genomic fragments conferring high gene expression noise, we identified many promoter regions that drive bimodal expression of eGFP when placed on centromeric plasmid. However, when some of these promoter regions were analysed at the genomic level, we unexpectedly found that no one of the eight promoters tested conferred bimodal expression in any of the two strains used in optimal growth conditions. Different expression levels of the same gene located on chromosome and centromeric plasmid have been observed for long time. In general, promoters giving low and moderate expression levels are sensitive to this context effect (Marczynski and Jaehning 1985) . We observed this effect for the CUP1 and AGP2 promoters: they conferred low unimodal expression at the genomic level, while a higher expression level and a bimodal profile were observed from the centromeric plasmid. On the contrary, the expression level from promoters giving higher expression level such as BMH1, BMH2 and GNP2 is quite similar in both cases, but remarkably the expression profile is deeply different. These effects are supposed to be due to the different structural features between plasmids and chromosomes. Chromosomes are highly structured by histones and other proteins in the chromatin and their arrangement is precisely controlled in the nucleus, whereas plasmids are less regulated by such events. This highlights the need to be very careful when using plasmid to express transgenes from their original promoter. They could be expressed from plasmids with bimodal distribution that produces high phenotypic heterogeneity in the population with two distinct subpopulations having different behaviours, while expression from genomic loci does not. This suggests that verification of the reproductivity of the expression profile between genomic and plasmidic contexts is needed. Experimental biases linked to these different expression distributions could be often present when using plasmid in biological investigations.
When we analysed the evolution of the expression distribution during induction of the CUP1 promoter by copper sulphate in the classical laboratory strain BY4720, we found the same behaviour than the osmoresponsive STL1 promoter (Pelet et al. 2011 ) with a population shifting from unimodality when noninduced to transient bimodality in mid-induction before returning to unimodal distribution at stronger induction. Nevertheless, the variation of the proportions in these subpopulations was very different depending on the induction time and the inducer concentration. On the one hand, for a given copper sulphate concentration, a constant proportion of the population is induced and the induction level of this subpopulation first increased and then decreased along the induction time; on the other hand for a same induction time, higher the copper sulphate concentrations, greater are cells with higher expression levels as observed with STL1 (Pelet et al. 2011) . Thus, the inducer concentration remarkably modulates the proportion of cells that are induced while the induction time modulates the expression level of the induced cells without changing their proportion.
The fact that bimodality only appears during induction for inducible genes such as CUP1 argues for a strong contribution of the chromatin context in the appearance of bimodality. Less repressive chromatin is probably responsible for the switching of a higher proportion of the population when the inducer is more concentrated. Increasing copper concentration clearly accelerates the switching rate between the non-induced and induced states, a phenomenon that is likely favoured by chromatin relaxation. The role of histone acetylation seems limited since this phenomenon was insensitive to HDAC inhibition by TSA, SAHA or Sirtinol: the unimodal expression profile conferred by the CAN1 promoter at the chromosomal level did not switch to the bimodality observed on plasmid when cells were treated with these compounds. Thus, the role of the chromatin remains to be deciphered. Finally, we observed epistasis in the generation of bimodality. We previously highlighted the fact that epistasis exists in the generation of transcriptional-mediated noise (Liu et al. 2015) : both the promoter sequence modifications and the genetic background contribute to modify the level of noise. Here we showed that besides the level of noise, there are epistatic interactions in the production of the expression distribution because the CUP1 promoter placed in the same locus conferred bimodal expression in the laboratory strain BY4720 and not in the industrial strain 59A at the same inducer concentration. One hypothesis to explain this phenomenon might be the different CUP1 copy number in BY4720 and 59A. The laboratory strain S288c from which BY4720 is derived can contain up to 14 copies of CUP1 (Zhao et al. 2014) , while the sequencing of the wine strain EC1118 from which 59A is derived indicated that it contains far less CUP1 copies than S288c (Novo et al. 2009 ). Thus, to compensate its lower CUP1 copy number, 59A might exhibit higher induction efficiency of CUP1 than BY4720 what might lead to unimodal expression pattern. Otherwise, different distribution during induction in these strains might be due to different CUP2 expression levels or dynamics, which are expected to affect downstream targets. Indeed, the induction dynamics of the CUP1 transcription regulator Cup2 (Welch et al. 1989 ) might play an important role in these phenomena.
This work may have several important applicative consequences. Considering that bioproduction often requires transgenes expression, analysing the influence of the DNA context, induction conditions and genetic background on their expression distribution is crucial when considering building strain for industrial applications. Indeed, higher phenotypic heterogeneity in bioprocesses is expected to give rise to subpopulations of both low-and high-performing variants in microbial culture (Lidstrom and Konopka 2010) . The production of biobased compounds is impacted by stochastic cellular mechanisms, leading to difficulties in controlling bioprocessing (Delvigne et al. 2014) . A recent study showed the strongly detrimental effects of nongenetic cell-to-cell variation on biosynthetic performance (Xiao et al. 2016) . It is therefore of prime importance to increase our knowledge of the mechanisms involved in phenotypic diversification. Heterogeneity in phenotypic behaviour caused either by bimodality in gene expression or noise requires to be carefully investigated as they may ultimately impact on industrial bioproduction (Delvigne et al. 2014 (Delvigne et al. , 2017 Binder et al. 2017) .
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